A rapid, simple, and quantitative filter-binding assay using glass fiber filters has been developed to detect the covalent adenovirus DNA-terminal protein complex. The Each of these assays, however, suffers with respect to quantitation or ease of use or both. Our laboratory has now developed a rapid, simple, and quantitative filter-binding assay for the adenovirus DNA-terminal protein complex. In this paper we show that the adenovirus complex or terminal restriction endonuclease fragments of the complex are quantitatively retained (>98%) on glass fiber filters under conditions such that protein-free DNA is not (<0.1%). The adenovirus complex binds maximally to filters at NaCI concentrations greater than 200 mM. This means that the adenovirus complex can be assayed even in the presence of other proteins that interact ionically with DNA. It is likely that the filter-binding assay will prove useful for detecting and quantitating covalent nucleic acid-protein complexes from a wide range of organisms.
generally is less than 0.1%. Binding of the a enovirus complex to filters is mediated by terminal protein. We have found that: (i) the adenovirus complex binds maximally to filters in NaCl at concentrations higher than 0.2 M; (il) noncovalent complexes between protein-free DNA and adenovirus proteins bind to filters in salt at concentrations lower than 0.4 M but not in concentrations higher than 0.7 M; and (fit) protein-free DNA alone binds to filters in guanidine'hydrochloride at concentrations higher than 0.8 M. By varying the ionic conditions, "all or none" modulation of these interactions can be achieved.
There are now clear examples of proteins covalently joined to nucleic acids. Covalent nucleic acid-protein complexes occur as structural elements of the chromosomes of DNA viruses (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) and RNA viruses (11) (12) (13) (14) . A number of methods have been used to detect DNA-protein complexes. In the case of adenovirus, a 55,000-dalton protein (7) , called "terminal protein," is covalently linked to each 5' end of the linear, doublestranded DNA molecule (15) . The adenovirus complex has been visualized directly in the electron microscope as protease-sensitive circles and other more complicated structures (2, 3, 7, 8) . These molecular forms presumably arise from end-to-end interactions mediated by terminal protein because only linear DNA molecules can be detected after protease treatment. Terminal protein prevents adenovirus DNA or terminal restriction endonuclease fragments of viral DNA from entering agarose gels during electrophoresis (16, 17) . Recently, several laboratories have discovered that the adenovirus DNA-terminal protein complex binds tightly to benzoylated-naphthoylated-DEAE-cellulose under conditions such that protein-free DNA does not (B. W. Stillman and A. D. J. Bellett, personal communication; L. M. Kaplan and M. S. Horwitz, personal communication).
Each of these assays, however, suffers with respect to quantitation or ease of use or both. Our laboratory has now developed a rapid, simple, and quantitative filter-binding assay for the adenovirus DNA-terminal protein complex. In this paper we show that the adenovirus complex or terminal restriction endonuclease fragments of the complex are quantitatively retained (>98%) on glass fiber filters under conditions such that protein-free DNA is not (<0.1%). The adenovirus complex binds maximally to filters at NaCI concentrations greater than 200 mM. This means that the adenovirus complex can be assayed even in the presence of other proteins that interact ionically with DNA. It is likely that the filter-binding assay will prove useful for detecting and quantitating covalent nucleic acid-protein complexes from a wide range of organisms.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. 5291 MATERIALS AND METHODS Adenovirus. A plaque-purified stock of type 2 adenovirus was kindly supplied by J. Weber. The growth of virus in HeLa cells, the purification of virus, and the extraction of viral DNA from virus particles have been described (18, 19 (23, 24) . (Some restriction enzyme preparations contain nonionic detergents-for example, Triton X-100-that may artifactually reduce binding of DNA-protein complexes to filters.) Pronase (grade B, Calbiochem) and Proteinase K (EM Biochemicals) were incubated at 370C for 2 hr at a concentration of 10 mg/ml before use.
Radioactivity Determinations. Dried filters were assayed by liquid scintillation spectrometry using a toluene/2,5-diphenyloxazole/1,4 bis[2-(5-phenyloxazolyl)]benzene mixture (18) . 32P radioactivity was determined by Cerenkov radiation. Isotope overlap corrections were computed on a HewlettPackard 9821A calculator.
Abbreviations: NaDodSO4, sodium dodecyl sulfate; Gdn.HCI, guanidine-hydrochloride; bp, base pairs. * To whom reprint requests should be addressed.
RESULTS
Purification of the Adenovirus DNA-Terminal Protein Complex. The purification of the adenovirus DNA-terminal protein complex is shown in Fig. IA . 32P-Labeled virus particles were disrupted with 4 M guanidine-hydrochloride (Gdn.HCI) (2, 3, 7) . The DNA-protein complex containing only the 55,000-dalton terminal protein (7) was separated from the other dissociated viral proteins by chromatography on a Sepharose 2B-CL column in the presence of 4 M Gdn-HCI. 32P-Labeled complex emerged quantitatively from the column in the excluded volume. The A2M/A2o ratio of the complex was greater than 2.0 and was indistinguishable from the ratio of protein-free DNA. No radioactivity was associated with material eluting from the column in the included volume. This latter material had an A260/A2o ratio less than 0.9 and contained all of the virion proteins when analyzed by gel electrophoresis (not shown). We have also isolated, by Sepharose chromatography in 0.005% sodium dodecyl sulfate (NaDodSO4), the adenovirus complex from virus particles disrupted at 80'C with 0.1I% NaDodSO4 (not shown). Complex prepared by either procedure had identical properties. Chinnadurai et al. (25) have also independently purified the adenovirus complex by Sepharose chromatography.
Binding JBecause we could qualitatively demonstrate by gel electrophoresis that all-virion proteins were bound to filters after dilution in either buffer (not shown), 1M sodium phosphate buffer presumably disrupted ionic bonds in noncovalent complexes between viral proteins and protein-free DNA. Similar results have been reported for other noncovalent nucleic acid-protein complexes on cellulose nitrate filters (26) .
The binding of purified adenovirus DNA-terminal protein complex was salt-dependent. Fig.2 shows that, after exhaustive dialysis of purified complex against TE buffer, less than 2% of the complex bound to filters. As the solution containing complex was adjusted to higher ionic strengths and filtered, an increasing percentage of the complex was retained. More than 99% of the 32P-labeled complex bound to filters when the concentration of NaCI exceeded 0.2 M. Complex was quantitatively retained by filters at all concentrations up to 4 M NaCl (not shown). The binding curve with KCI was virtually identical to the curve for NaCI (not shown). (Fig. 2). [3H]DNA did not bind to filters in concentrations of Gdn-HCl lower than 0.4 M. However, whether mixed with complex or not, protein-free DNA bound quantitatively (>99%) to filters at concentrations of Gdn-HCI greater than 0.8 M. Most buffers (TE, TEN, etc.) released bound DNA from filters, but 1 M sodium phosphate buffer was the most efficient (95% released). We have used this unusual property to concentrate DNA from dilute solutions (27 (Fig. 1B) . 32P-Labeled virus particles, mixed with adenovirus [3H]DNA, were disrupted with 4 M Gdn-HCI, diluted 1:10 into TE buffer (0.4 M Gdn-HCI after dilution), and filtered. Fig. 3 shows that, as expected, both 32P-labeled complex and [3H]DNA were bound (98.8%). However, when the solution of disrupted virus particles and free DNA was diluted 1:10 into salt solutions of increasing ionic strength, nonspecific binding of DNA was progressively reduced although complex was still retained maximally. Less Fig. 4 shows that progressively less complex bound to filters as the concentration of either enzyme increased. Less than 0.2% of 32P-labeled complex was retained by filters when the concentration of either protease was greater than 50 ,tg/ml, and digested complex Fig. 4 also shows that more than 98% of the 32P-labeled complex was released from filters after digestion with Pronase at a concentration of 1 mg/ml. Pronase digestion on the filter was 1/50th as efficient as digestion in solution: 50% of the 32P-labeled complex was removed at 10,gg of Pronase per ml.
The adenovirus DNA-terminal protein complex was efficiently eluted with NaDodSO4 from filters in the form of complex. Fig. 5 shows that progressively more complex was eluted from filters as the concentration of NaDodSO4 increased. More than 99% of bound 32P-labeled complex was recovered with 1% NaDodSO4 in TE buffer. NaDodSO4 in TE buffer containing 0.1 M NaCl (or 0.3 or 0.5 M NaCI) was slightly more efficient (3- in TE buffer alone. However, Sarkosyl was 1/70th as efficient as NaDodSO4: 50% of 32P-labeled complex was eluted with 0.4% Sarkosyl compared to 0.006% NaDodSO4. To restore the affinity of NaDodSO4-eluted complex for filters, solutions were diluted or dialyzed to give a NaDodSO4 concentration lower than 0.005%. NaDodSO4 was removed by chromatography on a Sepharose 2B-CL column in 4 M Gdn-HCl; 98.5% of the NaDodSO4-free complex was retained by filters. Alternatively, solutions of complex in 0.005% NaDodSO4 were adjusted to 0.5 M KCI, chilled to 00C for 10 min, and centrifuged at 5000 rev/min for 5 min at 00C to remove precipitated NaDodSO4. The filters retained 96.5% of the complex in the supernatant fraction; the pellet contained only 1.9% of the complex. However, 93% of the 32P-labeled complex was precipitated along with the NaDodSO4 when 0.5 M KCI was added to a solution containing 1% NaDodSO4.
Complex was also eluted from filters with 8 M urea. Four successive washes removed approximately 80% of the bound complex. Although urea released complex less efficiently than NaDodSO4, urea may not interfere with the infectivity of the complex (17, 25) .
Binding of the Adenovirus DNA-Terminal Protein Complex is Mediated by Terminal Protein. Table 1 demonstrates that, after digestion with BamHI, EcoRI, SmaI, or Hae III restriction endonuclease, the percentage binding of restricted 32P-labeled complex agreed very well with the expected values based on the sums of the sizes of terminal DNA fragments. Fig.  6 confirms that glass fiber filters selectively retained terminal restriction endonuclease fragments of the complex. 32-P-Labeled complex was cleaved separately with BamHI (Fig. 6A) or Sma I (Fig. 6B) Table 1 ). Because the 55,000-dalton terminal protein (7) is covalently linked to both 5' ends of linear adenovirus DNA (15) , prior treatment of the complex with phenol, 8 M urea, 6 M Gdn-HCl, or 0.1% NaDodSO4 at 80°C does not affect binding. The adenovirus complex binds maximally to filters in concentrations of salt greater than 65 mM Gdn-HCl or 200 mM NaCl (Fig. 2) . By contrast, high concentrations of salt interfere with filter-binding assays for noncovalent nucleic acid-protein complexes containing proteins such as RNA polymerase (28) and the lac repressor (29) as well as with other types of filter-binding assays (26) . Hence, the adenovirus complex can be assayed under conditions that disrupt noncovalent complexes. We (Figs. 1 and 3) . Finally, protein-free DNA alone binds to filters in Gdn-HCI at higher than 0.8 M (Fig. 2) . By varying the ionic conditions, we have achieved "all or none" modulation of these interactions.
Because all adenovirus proteins bind, at least qualitatively, to filters (not shown), it is likely that many other proteins may bind as well (26, 30) . Thus, the filter-binding assay may prove useful to detect both naturally occurring as well as artificially induced covalent DNA-protein complexes. Such complexes include the chromosomes of some Bacillus subtilis bacteriophages (1, 4-6, 9, 10), plasmid relaxation complexes (31), the 4)X174 DNA-dsA protein complex (32, 133) , and the complexes between DNA and nicking-closing enzyme (34) or DNA gyrase (35, 36) . In this regard, we have preliminary evidence, obtained with our filter-binding assay, that proteins are very tightly, if not covalently, linked to cellular DNA in HeLa cells (27) . These proteins, of as yet unknown function, are distributed at long range along cellular DNA molecules with an average spacing of 50,000 ± 5,000 bp.
While this work was in progress we learned that a binding assay using cellulose nitrate filters had also been developed for the adenovirus complex (37) . In our experience, the conditions for binding the adenovirus complex to cellulose nitrate filters were essentially identical to those used with glass fiber filters. However, the complex was attached to cellulose nitrate filters so tightly that it was difficult to remove it with detergent. We estimated that elution of complex with NaDodSO4 was 1/50th as efficient compared to glass fiber filters. Protein-free DNA also bound to cellulose nitrate filters in Gdn-HCl at concentrations higher than 1 M, but the binding varied erratically (10-80%), even with filters from the same lot. We emphasize this result because the assay on cellulose nitrate filters uses 4 M Gdn-HCl (37 
